Abstract: The Japanese isles are located on the Pacific ring of fire, thus facing intense seismic activity. Earthquakes are recorded on a daily basis, and it is easy to understand that (strong) earthquake forecasting is critical and an actively researched topic. In this study, we are investigating the applicability of the Poisson distribution for earthquake forecasting specifically on the Japanese territory. We shall thus analyse recent seismic data aiming at identifying parameters for the Poisson distribution that induce best forecasting, and also at deducing patterns and relations between, for instance, seismic intensities and geographical locations. We shall conduct several experiments on the data gathered to eventually discuss the most promising conditions for the Poisson distribution in this forecasting context.
We say that Japan is located on the Pacific ring of fire, surrounding most of the Pacific Ocean, and which includes amongst others the Mount St. Helens and the Andes cordillera. Territories included in the Pacific Ring of Fire are subject to frequent, and sometimes strong earthquakes, as well as significant volcanic activity, these two phenomena resulting from the movement and mutual interactions (collision zones) of the aforementioned tectonic plates. Several types of tectonic plate behaviours are distinguished; in the case of Japan, this is subduction (i.e., a tectonic plate sliding below another). Concretely, Japan has two different subduction zones: the Pacific plate moving down the North American plate, forming the Japan Trench, and the Filipino plate moving down the Eurasian plate. An illustration is given in Figure 1 . The two subduction areas affecting the Japanese isles.
For obvious reasons, earthquake forecasting is a critical issue. Each time a major earthquake occurs, a region's demography and economy are directly impacted. Because of the high number of geological and physical parameters involved, earthquake forecasting is very challenging, thus remaining an actively researched topic (Helmstetter et al., 2006; Crampin et al., 1999; Holliday et al., 2007) . Now, due to the complex nature of this issue, research teams have often been considering individual regions of the globe separately when conducting their studies (Stuart, 1988; Bufe and Varnes, 1993; Gardner and Knopoff, 1974; Wang et al., 2014) . This is what we do in our study by focusing on the Japanese situation. Also, analysis of long-term data has already been shown very important in many research works such as in Ingebritsen and Manga (2014) .
In this paper, rather than introducing a new earthquake forecasting model, we aim at measuring the applicability of the Poisson distribution for earthquake forecasting to the particular case of the Japanese seismic activity. Our approach consists in practice in the investigation of multiple parameters and conditions for the application of the Poisson distribution (Poisson, 1837) , measuring their respective impact on induced seismic probabilities and coherence with past data.
The seismic data used in this study have been retrieved from the two sensor networks K-NET and KiK-net. These sensor networks consist of seismographs uniformly covering the Japanese territory, and they are managed by the Japanese National Research Institute for Earth Science and Disaster Prevention (NIED). Data generated by these sensor networks are openly accessible (NIED, http://www.kyoshin.bosai.go.jp).
In March 2011, the eastern coast of Japan has been severely hit by a particularly strong earthquake (9.0 Mw magnitude), triggering a disastrous tidal wave (Tsunami) and resulting in rarely seen casualties and destructions. A property of earthquakes is that they are followed by aftershocks, which are of lower intensities than the main earthquake. So, in order to avoid absolutely exceptional data disturbance due to this extremely rare event (March 2011), we focused our analysis on periods ranging up to December 2010, considering all seismographic data available, including aftershocks of all recorded earthquakes. While some related previous researches have excluded aftershocks from their analysis (Gardner and Knopoff, 1974) , we, in order to obtain the most relevant results as possible -aftershocks may be of unneglectable magnitude -, do consider aftershocks.
The remaining sections are organised as follows. Section 2 describes in practice how data retrieval took place, and how the analysis was conducted. Then, Section 3 gives the results obtained from three successive experiments on the gathered data. Next, we propose in Section 4 to refine the way we apply the Poisson distribution itself. In Section 5, we summarise our study by discussing the results obtained across the different experiments. Finally, this paper is concluded in Section 6.
Method
We describe in this section what kind of data was obtained from the sensor network and how these data were analysed.
Data extraction
The analysis conducted is focused on the three main Japanese islands: Hokkaido, Honshu and Kyushu. We distinguished the Pacific coast and the Sea of Japan coast on purpose. Concretely, six different sites (i.e., geographical locations) were selected: HKD086 (Kushiro, Hokkaido), TKY007 (Shinjuku, Tokyo) and MYZ013 (Miyazaki, Miyazaki) for the Pacific coast, and HKD020 (Rumoi, Hokkaido), ISK014 (Kaga, Ishikawa) and FKO001 (Munakata, Fukuoka) for the Sea of Japan coast. Regarding the isles repartition, HKD086 and HKD020 are situated on Hokkaido, TKY007 and ISK014 on Honshu and MYZ013 and FKO001 on Kyushu. Sites selection has been conducted so as to separately analyse different geographical regions of Japan. For example, we distinguish the Sea of Japan and Pacific coasts sites, and also separately Hokkaido, Honshu and Kyushu sites. We have tried to select sites uniformly across these various geographical regions.
A map illustrating the repartition of the selected sites is given in Figure 2 . In addition, so as to provide the reader with an overview of the Japanese seismic activity and its geographical repartition, we have included in this figure at each of the selected sites the number of earthquakes of intensities at least 1.0 that were recorded during the 7-year period 1 January, 2003 -31 December, 2009 Data were collected on these six sites during the period starting from 1st January, 2003 to 31st December, 2010. As a result, we obtained a list of earthquakes recorded during this time interval at each site, including seismic intensity. Seismic intensity is calculated from measured ground acceleration as detailed in JMA (http://www.data.jma.go.jp/svd/eqev/data/kyoshin/kaisetsu/calc_sindo.htm). An excerpt of the data is shown in Table 1 . Each table entry corresponds to one earthquake occurrence. The 'Network' column indicates the sensor network used to collection data, the sensor (a.k.a. site, identified by the 'Site code' and 'Site name' columns) location is indicated by the columns 'Latit'. (latitude) and 'Longit'. (longitude) , the recorded earthquake properties are indicated by the 'Peak accel.' (peak acceleration), 'Intens.' (intensity) and 'Epic. dist.' (epicentral distance) columns. Selected sites for our analysis: Pacific and Sea of Japan coasts are distinguished. The
Data analysis
We recall the definition of the Poisson distribution (Poisson, 1837) . First, this distribution focuses on rare events. Now, considering a specific time interval and given λ the average occurrence rate of such event on this interval, the Poisson distribution describes the occurrence probability of a particular number k of these events on this time interval. Its expression is as follows. Let us recall that we are to investigate parameters aiming at obtaining the best results possible for earthquake forecasting with the Poisson distribution. In this study, events are earthquakes. Also, these events are parameterised: we consider a parameter I corresponding to the seismic intensity of an event. Thus, we can restrict our analysis to earthquakes of sufficiently high intensities, and at the same time consider rarer events since the frequency of earthquakes decreases as their intensities increase. In addition, we recall that the Poisson distribution induces more meaningful results in the case of rare events.
We conducted three distinct experiments. The first one consisted in calculating λ the average occurrence rate of an earthquake of intensity I ≥ 1.0 in a 1-year period by using data from the 7-year period 1 January, 2003 -31 December, 2009 . Next, we used this information to apply the Poisson distribution an deduce the occurrence probability of the number of such earthquakes (i.e., I ≥ 1.0) that actually happened during the year 2010. The data for each site were analysed separately.
The second experiment was an incremental version of the first experiment. Its objective was to observe the evolution of occurrence probabilities by using a yearly refined value of λ. Practically, we started by calculating λ the average occurrence rate of an earthquake of intensity I ≥ 1.0 in a 1-year period with data from the 1-year period 1 January, 2003 -31 December, 2003 . Then, we deduced the occurrence probability of the number of such earthquakes (i.e., I ≥ 1.0) that actually happened during the year 2004. Again, we distinguished the different sites. Then, we considered the 2-year period 1 January, 2003-31 December, 2004 so as to calculate the 1-year average occurrence rate λ and consequently deduce the occurrence probability of the number of such earthquakes (i.e., I ≥ 1.0) that happened during the year 2005. Again, sites were distinguished. This process was repeated until obtaining the occurrence probability of the number of such earthquakes (i.e., I ≥ 1.0) that happened during the year 2010. Eventually, this experiment aimed at giving an overview of the evolution of the occurrence probabilities that would be obtained by considering present data, for example forecasting 2014 seismic activity from data until 2013, next forecasting for 2015 from data until 2014, and so on.
Finally, the third experiment consisted in refining the parameter I in order to analyse even rarer events (i.e., earthquakes of even higher seismic intensities). We studied the evolution of the obtained probabilities separately for each site.
Considering the occurrence probability of an exact number k of earthquakes that happened during the specified time interval may be too restrictive and negatively impact results. Thus, we investigated further by introducing a new parameter α that is used to calculate the sum of the occurrence probabilities corresponding to the interval J = {k − α, . . . , k − 1, k, k + 1, . . . , k + α} of 2α + 1 elements with j ∈ J a number of earthquake occurrences. Previously, we simply had J = {k}. In other words, instead of considering a fixed number k of earthquake occurrences, we now refine our calculations by considering a number k ± α of earthquake occurrences. In practice and as detailed later, to retain results relevance, the value of α will be low in regions with few earthquakes. Hence, we repeated the previous experiments, this time deducing the occurrence probability of k ± α the approximate number (approximated by α) of earthquakes of seismic intensities I that happened during the year considered.
Results
We present in this section the results obtained from the three experiments as detailed in Section 2.
First experiment
Focusing on the 7-year 1 January, 2003-31 December, 2009 period, we have first calculated the average occurrence rate λ of an earthquake of intensity I ≥ 1.0 in a 1-year period. For example, a total of 200 such earthquakes were recorded at site HKD086 during this 7-year period. Therefore, the average occurrence rate per year of such earthquake is given by λ = 200/7 ≈ 28.57. Also, still at site HKD086, a total of 30 such earthquakes (i.e., I ≥ 1.0) were recorded during the year 2010 (the 1 January, 2010-31 December, 2010 period). Thus, by using the previously calculated average occurrence rate λ, we obtain the Poisson distribution for this particular type of event, and we get for the year 2010 an occurrence probability of 0.07 for that number of such earthquakes, here 30. Hence, in other words, the Poisson distribution of parameter λ calculated from this 7-year period, enabled the forecasting of the exact number of such earthquakes for 2010 with a probability of 0.07.
As detailed in Section 2.2, aiming at forecasting the exact number k of earthquakes may be too ambitious. Thus, we propose the introduction of a new integral parameter α, and we compute the sum p α (k) of the occurrence probabilities for k ± α instead of for k only.
For instance, we consider α = 2. In the HKD086 example above, that is 30 earthquakes recorded (I ≥ 1.0) in 2010 and an average occurrence rate of λ = 28.57 per year, the Poisson distribution induces the following occurrence probabilities for a given number of such earthquakes (i.e., I ≥ 1.0): 28 → 0.07, 29 → 0.07, 30 → 0.07, 31 → 0.06 and 32 → 0.06. Therefore, by taking the sum of these occurrence probabilities (i.e., probabilities for k ± 2), we obtain a total of about 0.34. In other words, by using the Poisson distribution of parameter λ calculated from this 7-year period, we were able to forecast the approximated number (approximated by ±2) of such earthquakes for 2010 with a probability of 0.34.
The results obtained from this first experiment are summarised in Table 2 . The column labelled 'k' includes the number of occurrences of the considered earthquakes during the year 2010, and the column labelled 'λ' includes the average number of occurrences per year as detailed previously. One should note that at site HKD020, since λ the average number of occurrences is smaller than α the approximation parameter, the induced probability p α (k) nears 1.0. 
Second experiment
We conduct in this section a second experiment that incrementally changes the set of data considered for the calculation of the average occurrence rate per year λ. Consider the site HKD086. Unlike in the first experiment, we first calculate λ the average occurrence rate of an earthquake of intensity I ≥ 1.0 in a 1-year period by considering the 1-year period 1 January, 2003 -31 December, 2003 . In total, 49 such earthquakes have been recorded for this period (2003) at this site, thus inducing an average rate of λ = 49 per year. In addition, at the same site HKD086, 18 such earthquakes were recorded in total during the 1 January, 2004-31 December, 2004 period. Thus, by using the previously calculated λ, we obtain for the year 2004 an occurrence probability of 2.17 × 10 −7 for that exact number of such earthquakes, that is 18. Hence, in other words, the Poisson distribution of parameter λ calculated from this 1-year period, enabled the forecasting of the exact number of such earthquakes for 2004 with a probability of 2.17 × 10 −7 . This probability is extremely low, but this is for the sake of explanation and does not reflect our final results.
Still focusing on the site HKD086, we then calculate λ for such earthquakes (i.e., I ≥ 1.0) by considering the 2-year period 1 January, 2003 -31 December, 2004 . In total, 67 such earthquakes have been recorded for this period (2003) (2004) at this site, thus inducing λ = 33.50. In addition, still at site HKD086, 17 such earthquakes were recorded during the 1 January, 2005-31 December, 2005 period. Thus, by using this new λ value, we obtain for the year 2005 an occurrence probability of 6.70 × 10 −4 for that exact number of such earthquakes, that is 17. This process is iterated until obtaining an occurrence probability for 2010.
Next, similarly to the first experiment, we consider the additional parameter α whose purpose is the forecast of an approximation k ± α of the number of occurrences of such earthquakes rather than the exact number k. . So, by summing these probabilities we obtain a total probability of 4.62 × 10 −3 . The results obtained from this second experiment are summarised in appendix in Table A1 for the Pacific coast and in Table A2 One can notice that in general, the average probabilities obtained for 2010 are below those obtained in the first experiment for that same period. This can be explained by the fact that here λ is incrementally refined over time, being first calculated from 1-year data, then 2-year data, etc., while directly calculated from 7-year data in the first experiment. The objective of this second experiment indeed differs from that of the first experiment as we focus here on the evolution of the occurrence probabilities.
Third experiment
We conducted a third experiment consisting in refining the seismic intensity parameter I. Effectively, when considering tectonically very active locations such as the geographical area of site HKD086, earthquakes of intensities at least 1.0 cannot be reasonably deemed rare; for instance, 36 of those were recorded at site HKD086 for 2008 alone. So, considering the very active sites HKD086 and TKY007 from the six initially selected in this analysis, we refined the parameter I to the values at least 1.4 and at least 2.2. These two particular intensities were selected so that the number of the corresponding earthquakes is significantly decreased compared to that number with the previous value of I, that is for example at a given site and time period, the number of earthquakes with I ≥ 1.4 is significantly lower than the number of earthquakes with I ≥ 1.0.
To begin, we considered as in the first experiment the 7-year period 1 January, 2003-31 December, 2009 to calculate λ the average occurrence rate of an earthquake of intensity I ≥ 1.4 in a 1-year period. For example, at site TKY007, 96 such earthquakes were recorded in total during this 7-year period, thus inducing λ = 13.71. In addition, 10 such earthquakes (i.e., I ≥ 1.4) were recorded in 2010 at site TKY007. So, we obtain for the year 2010 an occurrence probability of 0.072 for that number of such earthquakes, that is 10. The same process was applied for I ≥ 2.2. A summary of the results is given in Table 3 . For reference, results obtained in the first experiment, that is with I ≥ 1.0, are included. 
Refining λ
We recall that the Poisson distribution depends on the average number of occurrences in the considered time interval λ. In the previous sections, and as usually done, we calculated this average number of occurrences by using the arithmetic mean. Now, we propose to refine the calculation of this parameter aiming at improving the obtained probabilities. We shall consider two additional ways of obtained the parameter λ.
Weighted arithmetic mean
In an attempt to soften the impact of data disturbance, we consider the arithmetic mean weighted by the inverse of the deviation to the (arithmetic) mean value. We denote this mean by W , and its definition is as follows.
For n numbers a 1 , a 2 , . . . , a n , let A = 1 n ∑ n i=1 a i be their arithmetic mean. Now, for each a i (1 ≤ i ≤ n), letã i be the inverse of the deviation of a i to the arithmetic mean A.
Obviously, the sum of all theã i is positive. For instance, given the same set of values {12, 10, 11, 10, 30}, we obtain A = 14.6 and the set {0.38, 0.22, 0.28, 0.22, 0.06} of the inverses of the deviation of each value to A the arithmetic mean. Hence, we have W = 12.02, which shows further reduced impact of data disturbance (here the value 30).
Geometric mean
Pushing further this attempt of reducing data disturbance impact by unusual patterns in the seismic activity considered, we now consider in this section the geometric mean (Mitchell, 2004) instead of the arithmetic mean to calculate the λ parameter of the Poisson distribution. We recall that for n positive numbers a 1 , a 2 , . . . , a n , the geometric mean, denoted by G, is defined as the nth root
For instance, given the set of values {12, 10, 11, 10, 30}, the arithmetic mean is 14.6 and the geometric mean is 13.17, which shows reduced impact of data disturbance (here the value 30). Because the geometric mean can be calculated only with positive numbers, if there exists an a i equal to zero, that is the number of events is 0, we automatically set it to 1 so as to further reduce data disturbance, considered events being rare.
Results
We present the results according to the three experiments conducted as detailed in Section 2.
First, we gather in Table 4 Then, we give in Table 5 Table 5 Average occurrence probabilities of k the number of earthquakes of intensities at least 1.0 induced by incremental calculation of λ (α = 2) Lastly, we give in Table 6 the occurrence probabilities of the number of earthquakes of various intensities I recorded in 2010 obtained from the Poisson distribution applied with the average occurrence per year λ calculated from the 7-year period 1 January, 2003-31 December, 2009. In addition, by using incremental data to calculate λ as explained in Section 2 (second experiment), we obtain the average occurrence probabilities of Table 7 . Table 6 Occurrence probabilities of the number of earthquakes of various intensities recorded in 2010 (α = 2) Table 7 Average occurrence probabilities of k the number of earthquakes of various intensities induced by incremental calculation of λ (α = 2) 
Discussion
We have conducted several experiments, notably refining the calculation of the average occurrence rate λ. Effectively, λ is conventionally calculated by the arithmetic mean, as done in Section 3. We have then in Section 4 proposed two additional ways to calculate this average occurrence rate: by using a weighted arithmetic mean, and the geometric mean. First, considering an additional parameter α had significant and positive impact on occurrence probabilities, even with a small value of α (here α = 2). Obviously, this is a trade-off: approximating results by α at sites of very low seismic activity would produce trivial results. For example, at a site with an average of two earthquakes per year (of a particular intensity), forecasting at ±2 is likely to induce a 1.0 probability.
Then, when considering incremental time periods to calculate λ the average occurrence rate per year, monotonic sequences for occurrence probabilities can be observed: in most cases, probabilities increase until reaching a breaking point (i.e., a cliff), so drop, and then start to raise again. Such breaking point corresponds to a year with an exceptionally high, or exceptionally low, number of earthquakes (of a particular intensity). Such exceptional number of occurrences negatively impacts the average occurrence rate per year, thus inducing low results after such a big drop, but results then steadily increase during the next years, until reaching a new breaking point. An illustration is given in Figure 3 which plots the successive occurrence probabilities of earthquakes of intensities at least 1.0 obtained from incremental calculation of the average rate λ with the geometric mean. The exceptional number of such earthquakes recorded during year 2009 triggers a cliff.
Refining the parameter I controlling the seismic intensity had a globally positive impact on probabilities. By rarefying events, the Poisson distribution effectively gets 'sharper'. For instance, at site TKY007 for 2010, p(k) increased from 0.022 to 0.051 and to 0.074 with I ≥ 1.0, 1.4, 2.2, respectively. Now, the results of Section 4 speak for themselves. Clearly, the geometric mean for the average occurrence rate λ calculation induces the best results. Also, the weighted arithmetic mean we defined induces better results than those obtained from the arithmetic mean. Quantitatively, for 2010 forecasting of earthquakes of intensities at least 1.0, given the six sites considered, the best results are obtained by the average rate λ calculated from the geometric mean at four sites (TKY007, MYZ013, ISK014, FKO001), while for the two other sites (HKD086, HKD020), the best results are those from our weighted arithmetic mean. In this case, we obtained in average for all sites the values of 0.11 for p(k)| G , and of 0.52 for p α (k)| G . It is even clearer in the case of incremental calculation of λ (second experiment) with p α (k): average probabilities for the 7-year period 1 January, 2004-31 December, 2010 at all sites except HKD086 are maximised when using the geometric mean, precisely the weighted arithmetic mean inducing an average 13% accuracy increase compared to the conventional approach for each year, and the geometric mean inducing an average 23% accuracy increase against the conventional approach for each year. In this case, we obtained in average for all sites the values of 0.10 for p(k)| G , and of 0.40 for p α (k)| G . Hence, by investigating several parameters, we have clearly and significantly increased the accuracy from the conventional approach as originally described in Bossard (2014) . We conclude this discussion by putting our results into relation with those of Wang et al. (2014) . In this previous work, authors conclude that an average number of occurrences per year of value 0.1 is acceptable. In our study, we considered significantly higher values of the average number of occurrences per year, thus facing a much more difficult task as we recall that the Poisson distribution gives better results with rare events. Our results are thus less categorical but more relevant as we consider a wider range of earthquake intensities, for example I ≥ 1.0 (minor earthquake) inducing λ values in the range from 1.57 to 28.57 depending on the site considered, against the extremely restrictive magnitude (M L ≥ 7.0, major earthquake) considered in (Wang et al., 2014) inducing a λ value of only 0.35. Instead, we chose to discuss different ways to calculate such average values to improve results.
Conclusions
Japanese isles are located on the Pacific Ring of Fire, which induces strong seismic activity. Hence earthquake forecasting is an actively research topic. Given the real complexity of this task, it is common practice to focus on a specific geographical area to limit the number of geophysical parameters involved. In this paper, we have investigated several parameters and methods in order to optimise the results given by the Poisson distribution when applied to the Japanese seismic activity. Concretely, we have distinguished and analysed separately data obtained from six different sites of a nation-wide seismologic sensor network. Also, we have refined the conventional calculation of the Poisson distribution by using instead of the classic arithmetic mean a weighted arithmetic mean and the geometric mean. We have shown that our first refining of the average rate λ by using a weighted arithmetic mean achieved an average +13% accuracy improvement of earthquakes occurrences probabilities compared to the conventional approach using the arithmetic mean for λ. Then we have shown that our second refining of λ by using the geometric mean achieved an average +23% accuracy improvement of earthquakes occurrences probabilities compared to the conventional approach. We obtained in average for all sites, a probability of 0.52 for 2010, and 0.40 in average every year (2004) (2005) (2006) (2007) (2008) (2009) (2010) .
As for future works, it would be interesting to consider the Gaussian distribution (Casella and Berger, 2001 ) in place of the Poisson distribution and to compare results with those obtained in this paper. Appendix B: Detailed results of the third experiment
We give in this section the detailed results of the third experiment of Section 3.3. See Table B1 . 
